ABSTRACT
functions and participate in anti-CMV humoral/cellular responses. In the elderly, CMV infection impairs immunity to other viruses and has been traditionally associated with T cell senescence; however, recent results suggest that, in younger people, CMV confers immune protection against other pathogens (heterologous immunity). To shed light on this controversy, we analyzed latent CMV infection effects on the quality of young individuals' immune response, specifically, the presence of polyfunctional T cells through an extensive phenotypic and functional characterization of the CD4 + T cell subset.
CD154 expression, degranulation (CD107a), and cytokine production (IFN-g, TNF-a, and IL-2) as well as T cell phenotype markers (CD57, CD28, and CD27) were analyzed. We demonstrate that CD4 + T cells that coexpress CD57 and CD154, which are exclusively present in CMV-positive individuals, are the most polyfunctional CD4 + subset, whereas CD4 + CD27 + CD28 2 T cells associate with lower polyfunctionality. Conversely, the frequency of CD4 + CD28 + T cells correlates with higher polyfunctionality of CD4 + CD57 2 T cells from CMVseronegative individuals and CD4 + CD57 + CD154 + T cells from CMV-seropositive individuals. Thus, polyfunctionality is a property of central memory CD4 + T cells in CMVseronegative individuals, whereas after CMV infection, polyfunctional T cells become highly differentiated, which allows efficient eradication of infections. We extend previous observations of the impact of CMV on CD8 + Introduction CMV infection is typically asymptomatic and highly prevalent worldwide. CMV prevalence has been related to age, geographical, and social factors [1] . Continuous surveillance by the immune system keeps the virus under control, alleviating symptomatic disease but allowing viral persistence and transmission [2, 3] ; however, latent CMV infection has been associated with a number of subclinical effects, such as modulation of the naïve/memory T cell ratio and associated effector functions. In some clinical settings, such as HIV infection and transplantation, CMV reactivation is problematic [4] [5] [6] , whereas CMV seropositivity is associated with an increased risk of death and cardiovascular diseases [7] [8] [9] . Development of an immune risk phenotype is predictive of early mortality in the elderly [10] [11] [12] . One of the features of both immunosenescence and immune risk phenotype is the accumulation of latedifferentiated CD8 + T cells (CD28 2 , CD57 + ), which is also observed during latent CMV infection and referred to as memory inflation (for review, see [13] ). Memory inflation is not observed with all herpesviruses (e.g., HSV) [14] and, therefore, despite the possible beneficial role of CMV in protecting against other pathogens [15, 16] , CMV has mainly been considered as an important contributor to immunosenescence [17] . CD4 + T cells play an essential role in the control of human CMV infection. Functional CMV-specific CD4 + T cells have been associated with asymptomatic infections and a lower risk of viremia after transplantation [18, 19] ; however, in older individuals, CMV-specific CD4 + T cell responses are associated with comorbidity as well as cognitive and functional impairments [20] . The role of these CMV-related, highly differentiated CD4 + T cells (CD45RA
in the context of vaccination is still controversial, especially because the same correlation is not observed in younger individuals [21, 22] . A lack of consensus also exists regarding the possible link between history to CMV infection and response to influenza vaccination [23] , [24] . In young mice, there is evidence that latent murine CMV infection contributes to immune protection against infection with unrelated pathogens [15, 16] , whereas it impairs immunity to other viruses in aging mice [25, 26] . In that regard, our group has recently shown that CMV infection induces a bystander effect on the CD8 + T cell population, which is evidenced by an increased response to SEB [27] . High responses were associated with an expansion of polyfunctional CD8 + CD57 + T cells. This was in apparent contradiction to studies that have suggested CD57 + terminally differentiated cells to be dysfunctional as senescent cells (for review, see [28, 29] ). Recent work has revealed the metabolic switch these cells undergo to sacrifice some functions (proliferation) to sustain other functions, such as cytotoxicity and cytokine secretion [30] . All these contradictory results highlight the necessity and importance of analyzing the effects of CMV infection on the immune response, not only in the elderly but also in younger individuals [31] [32] [33] . The CD4 + T cell subset has high phenotypic heterogeneity and functional diversity (for review, see [34, 35] ). Higher numbers of polyfunctional T cells, measured by an arbitrary selection of markers, correlate with a better prognosis during infection [36] and with a superior response to vaccination [37] . Polyfunctionality of T cells in response to pathogens is an indicator of T cell efficacy and immune protection [38] , and the same applies to cancer [39] . These results underline the importance of the quality of response at the single T cell level in identification of better clinical correlates. CMVspecific T cells are polyfunctional independent of donor age [40] , and in the elderly, the frequency of polyfunctional cells correlates with the size of the CMV-specific response [41] . However, the manner by which CMV infection may impact CD4 + T cells functionality in response to other antigens-the CMV footprint-is unknown. We present here an extensive phenotypic and functional characterization of the CD4 + T cell population in young individuals according to CMV serostatus. We analyzed CD4 + T cell functionality, including cytokine production (IFN-g, TNF-a, and IL-2) and CD154 expression and degranulation (CD107a) in conjunction with phenotypic definition of CD4 + T cell populations by using several classic surface markers (CD57, CD28, and CD27) along with transcription factors T-bet and Eomes. We demonstrate that the most polyfunctional CD4 + T cells are those that express CD57 and CD154 and that these cells are restricted to CMVseropositive individuals. Our study highlights the varying immunologic consequences of CMV infection and reinforces the need for a broader look at its immunologic, biologic, and clinical impact.
MATERIALS AND METHODS

Ethics statement
The study was approved by the Ethics Committee of the National University of Singapore Institutional Review Board (09-256). All study participants provided informed written consent.
Participants
We studied 33 healthy young donors (18-35 y old) stratified by CMV serostatus ( 
CMV serology
Plasma or sera from all donors were tested for CMV-specific IgG by automated CMV ELISA (Genesis Diagnostics, Cambridge, United Kingdom).
Polyfunctional analysis by multicolor flow cytometry
Ex vivo measurement of CD4 + T cells for expression of IFN-g, IL-2, TNF-a, and CD107a [42, 43] was assessed by multicolor flow analysis. In brief, freshly thawed cryopreserved PBMCs were resuspended to 1 3 10 6 cells/ml in complete RPMI media (RPMI 1640 that was supplemented with 10% heat inactivated FCS, 100 U/ml penicillin G, 100 mg/ml streptomycin sulfate, and 17 mM sodium glutamate) and rested overnight at 37°C in a standard incubator (humidified CO 2 atmosphere). The following day, 1 3 10 6 /250 ml were stimulated with CytoStim (20 ml/ml; Miltenyi Biotec, Bergisch Gladbach, Germany). A negative control with PBMCs alone was included in assays. Anti-CD107a-APC (Miltenyi Biotec) antibody was added and incubated for 60 min at 37°C, 5% CO 2 , followed by addition of brefeldin A and monensin (1 ml/ml; eBioscience, San Diego, CA, USA) and incubation at 37°C, 5% CO 2 for an additional 5 h. All antibodies used in the study were titrated before use.
Flow cytometry and data analysis
Of events, 500,000-1,000,000 were collected per sample. Compensation of the spectral overlap between all channels was done automatically by the BD FACSDiva software (BD Biosciences) by using negative and singlecolor controls. Analysis was performed by using FlowJo software (vX 10.0.7; TreeStar, Portland, OR, USA). Initial gating was performed on the lymphocyte population, then forward scatter height vs. forward scatter area to remove doublets. Within that gate, live CD3 + T cell gating was [44] . Polyfunctional profiles were created by using all 4 effector functions (IL-2, IFN-g, TNF-a, and CD107a). Different phenotype profiles of CD4 + T cells were created by FlowJo Boolean gating and subsequent SPICE analysis [44] . Each pie slice of the SPICE polyfunctional profile is calculated by summing frequencies of combinations that include the same number of simultaneous functions. Therefore, SPICE pie charts represent and compare average polyfunctionality profiles of particular T cell subsets or sample groups, but they do not show the degree or variation of polyfunctionality within a group. For that reason, in addition to SPICE analysis, we used the PI defined by Larsen et al. [45] (Funky Cells Toolbox; http://www.funkycells.com/main/), which numerically evaluates the degree and variation of polyfunctionality and allows comparative statistical tests.
Statistical analysis
To compare pie charts, we used the SPICE permutation analysis, which asks how often, given the samples that comprise the 2 pies charts, the difference observed would happen simply by chance (10, 
RESULTS
CMV latent infection and CD4+ T-cell response CD4 + T cell polyfunctionality was evaluated in 15 CMVseronegative and 18 CMV-seropositive individuals age 18-35 y by using multicolor flow cytometry to simultaneously measure 4 functions: IFN-g, TNF-a, IL-2, and CD107a. Stimulations were performed by using CytoStim, which is an antibody-based reagent similar to a superantigen but acts independently of certain Vb domains of the TCR. It induces T cell activation by cross-linking the TCR to an MHC molecule of an antigenpresenting cell.
We compared the frequencies of CD4 + T cells that expressed 1-4 functions in these individuals. Each level of functionality was determined as a percentage of the total CD4 + T cell response [45] . No significant differences were observed between CMV-seronegative and -seropositive responses with regard to any 4 (P = 0.82), 3 (P = 0.46), 2 (P = 0.20), or 1 function(s) (P = 0.71). However, a statistical comparison of the SPICE polyfunctional profiles [44] of total CD4 + T cells CytoStim showed a significant difference (P = 0.039) between CMV-seronegative and -seropositive individuals (Fig. 1A) , which indicated a difference in the pattern of CD4 + T cell responses to CytoStim depending on the CMV serostatus of the individual. Independently of CMV serostatus, the single strongest response was TNF-a production. IFN-g and IL-2 were rarely produced alone, but were more commonly coproduced with TNF-a. The few cells that produced IL-2 alone were present at a significantly higher level (P = 0.012; after Benjamini correction, cutoff P value for this category was P , 0.05) in CMV-seronegative individuals than in CMVseropositive individuals (Supplemental Fig. S2 ). PI [45] of CD4 + T cells among both groups was similar (Fig. 1B) , which indicated that further dissection of T cell populations is necessary to understand the source of variation in the SPICE profiles.
Highly polyfunctional CD4 + CD57
+ T cells increase with CMV latent infection After our previous study that showed increased functionality in CD8 + T cells in the CD57 + population [27] , we analyzed the role of CD57 + in CD4 + T cells after CMV infection. We observed a significant increase (P = 0.000011) in the percentage of CD4 + CD57 + T cells in young CMV-seropositive individuals compared with young CMV-seronegative ( Fig. 2A) . From seropositive individuals, the proportion of CD4 + CD57 + cells that expressed CD107a (P = 0.0000005; Benjamini cutoff P , 0.01), TNF-a (P = 0.002; Benjamini cutoff P , 0.03), and IFN-g (P = 0.000000002; Benjamini cutoff P , 0.02) was significantly higher compared with CD4 + CD57 2 cells, but a reduced proportion (P = 0.00000004; Benjamini cutoff P , 0.01) of CD57 + cells expressed CD154 in response to CytoStim stimulation (Fig. 2B) .
We further analyzed the functional capacity of CD4 + T cells on the basis of CD57 expression. We observed a significantly higher (P = 0.000004) PI of CD4 + CD57 + T cells compared with CD4 + CD57 2 , independent of CMV serostatus (CMV seronegative: P = 0.008; CMV seropositive: P = 0.0003; for a Bonferroni cutoff P , 0.02; median, 12.7 vs 4.2; Fig. 2C ). We also observed a statistically significant shift in the polyfunctional profile of CD4 + T cells associated with CD57 expression as depicted in the SPICE chart (Supplemental Fig. S2B ), which indicated that the functionality of CD4 + T cells varies with the expression of this marker. In fact, CD4 + CD57 + responding T cells typically displayed 2 or 3 functions, whereas the majority of CD4 + CD57 2 responding T cells were monofunctional (TNF-a; Fig. 2D ). Polyfunctional profiles and PI of CD4 + CD57 + or CD4 + CD57 2 T cells were similar between CMV-seronegative and -seropositive individuals (Fig. 3A-C) , which suggested that CD57 + T cells are associated with polyfunctionality independent of CMV seropositivity, and that there was no bystander effect of CMV on the functionality of the CD57 2 population (Fig. 3C ).
CD154 expression by CD4 + CD57 + T cells is exclusive to young CMV-seropositive individuals and a further hallmark of polyfunctionality (Fig. 4A) . On the basis of this observation, we determined the polyfunctional profiles of the CD4 + CD57/CD154 T cell subsets. Significant differences among these subsets were observed in both CMV-seronegative and -seropositive individuals ( Fig. 4B and C 
TNF-a, whereas CD57
2 CD154 2 cells were either TNF-a or CD107a monofunctional cells. Of note, CD4 + monofunctional cytotoxic (CD107a) T cells were always CD154 2 irrespective of CMV status or CD57 expression ( Fig. 4B and C) .
In young CMV-seropositive individuals, .60% of CD4 + CD57 + CD154 + T cells responded to CytoStim with any of the studied responses (IFN-g, TNF-a, and/or CD107a; Fig. 5A ). These cells were mainly IFN-g and TNF-a producers with or without degranulation capacity (Supplemental Fig. S4A ). In contrast, CD4 + CD57 + CD154 2 T cells had a much lower (,30%) response to stimulation (Fig. 5A) . In young CMVseronegative individuals, CD4 + CD57 + CD154 2 T cell subset had the highest response (Fig. 5A) ; however, it was significantly lower (P , 0.0001; cutoff P , 0.05) than CD4 + CD57 + CD154 + T cell subset response, which was the most functional subset found in CMV-seropositive individuals.
Breakdowns of the types of responses in CMV-seronegative and -seropositive individuals are detailed in Supplemental Fig. S3A and B. The corresponding PI values for these subsets showed a similar pattern, with CD57+CD154 + T cells in CMV-seropositive individuals displaying the highest PI values, significantly higher (P = 0.00006; Benjamini cutoff P , 0.0125) than those of CD57 + CD154 2 T cells (Fig. 5B) .
PI values for each subset across different CMV groups were comparable (data not shown). A heat map signature of correlations between polyfunctionality of CD4 + T cells and frequency of CD154/CD57 subsets is depicted in Supplemental Fig. S4 . The frequency of CD4 + CD57 + CD154 + T cells in CMV-seropositive individuals correlated with the simultaneous up-regulation of CD107a, IFN-g, and TNF-a, which confirmed the high polyfunctionality of this subset. The single significant predictor of low CD4 + polyfunctionality, 
Characterization of polyfunctional CD4 + T cells
CD28
2 represent highly mature effector cells.
Phenotype profiles (pie charts) from young CMV-seronegative individuals were statistically different (P , 0.01) from those of CMVseropositive individuals (Fig. 6A) + cell subset. To determine whether changes in differentiation phenotype were associated with polyfunctionality of CD4 + T cells, we performed a Rho Spearman correlation analysis (Supplemental Fig. S4 ). We observed a correlation between the percentage of trifunctional cells, defined as CD107a + IFN-g + TNF-a + , and CD4 + CD57 + T cells independent of CD28 expression or CD154 expression (Fig. 6B) , which was consistent with our previous findings in CD8 + T cells responding to SEB [27] . This correlation is not apparent in CMV-seronegative individuals ( Supplemental Fig. S4) ; however, addition of CD154 expression revealed a correlation between frequency of trifunctional and CD27 + CD28 + CD57 1 CD4 + T cells, which represent a less differentiated population (Fig. 6C ). This phenotype was the most frequent among CD4 + T cells of young individuals and was significantly higher (P = 0.003; Benjamini cutoff P , 0.0125) in CMV-seronegative individuals compared with CMV-seropositive individuals (Fig.  6A ). In contrast, the percentage of CD4 + CD27 + CD28 2 T cells was inversely correlated to the PI of both total CD4 + T cells (Fig. 6D) and CD4 + CD57 + T cells in CMV-seronegative donors (Supplemental Fig. S4 ), whereas the percentage was inversely correlated only to the PI of the CD57 + subset in CMVseropositive individuals (Fig. 6E) . It should be noted that CD27 + CD28 2 T cells do not express CD57 (Fig. 6A) . Thus, We did not find correlation either between CMV-specific polyfunctional response (pp65 and IE-1 CMV stimulation) and the percentage of CD4 + CD57 + T cells or between CytoStim and CMV-specific CD57 + CD154 + subset (data not shown). Further deep phenotypic (CD27, CD28, KLRG1, CCR7, and CD45RO) and molecular (T-bet, Eomes) characterization of the 4 CD4 + T cell subsets (CD57 + CD154 + , CD57 + CD154 2 , CD57 2 CD154 + , and CD57 2 CD154
2 ) were performed. The CD57 + population was T-bet high and Eomes high (Supplemental Fig. S5) , with reduced CCR7, CD27, and CD28, but increased KRLG1 (Fig. 7) .
DISCUSSION
Here, we demonstrate that the CD4 + T cell subset characterized by CD57 and CD154 coexpression is highly polyfunctional and can only be found in CMV-seropositive young individuals, independent of ethnicity and age on the basis of our finding from a relatively small sample size. Whether other persistent + CD154 2 , CD57 2 CD154 + , and CD57 2 CD154 2 CD4 + T cell subsets in CMV-seropositive individuals (n = 18). The combination of functions studied is indicated in the table below the pie charts. CD4 + T cell subsets percentages and polyfunctional profile were analyzed on CytoStim stimulated cells. ***P , 0.001. All P values were lower than the Benjamini-Hochberg cutoff P values.
pathogens exert similar effects is not known. We previously demonstrated that CMV-infected individuals exhibit higher CD8 + T functionality in response to SEB compared with CMVseronegative individuals, which was associated with an expansion of polyfunctional CD57 + cells. In the present study, we used an antibody-based reagent, CytoStim, that acts similarly to a superantigen to stimulate PBMCs. This approach offers a more relevant and less biased approach for the understanding of functional capacity as T cells are activated by binding to the TCR and cross-linking it to an MHC molecule of an antigenpresenting cell. Up-regulation of CD154 on CD57 + T cells is associated with effector functions. Current work in our laboratory aims to identify the associated pathways, first, by improving the quality of mRNA in fixed/permeabilized samples, as CD154 is stained intracellularly, or by identifying a surrogate surface marker for CD154 up-regulation. CD154 is a glycoprotein that belongs to the TNF family and is expressed mainly on activated CD4 + T lymphocytes and mediates a range of activities that are also on B cells [46] . CD4 + CD154 + IFN-g + T cells are up-regulated in mice vaccinated against West Nile virus but not in control mice, which indicates generation of T cell-mediated B cell activation [47] . It has been reported by Andersson et al. [48] that CD57 expression on T cells modulated their helper function for B cell antibody production [48] . Our data demonstrate that activated CD4 + CD57 + T cells are cytotoxic and produce cytokines, and, for the first time to our knowledge, we report the CMV-dependent CD154 expression.
Our results also enabled us to reproduce for the first time, in an Asian cohort, the previously described functional switch of T cells after CMV persistent infection. Most studies on the effect of CMV on the immune system have predominantly focused on CD8 + T cells, which exhibit a shift from a naïve/ memory subset distribution toward a more effector memory/ late effector cell profile [49] . This is accompanied by an expected switch of functionality that is hallmarked by reduced proliferative capacity, especially in CD57 + T cells, and increased cytotoxic and secretory functions [33] 
CD4
+ T cells or PI value in each subset. **P , 0.01; ***P , 0.001. All differences remained significant after Benjamini-Hochberg adjustment for type I error correction. and a functional profile (SPICE analysis) that results in the highest PI compared with all other subsets. Frequencies of polyfunctional T cells were shown to predict survival and response to cancer treatments in HIV or after vaccination [50, 51] . The CD40/CD154 interaction seems to play a key role in many diseases that are characterized by immune system activation, involved in apoptosis regulation, and is associated with disease progression when soluble CD154 (sCD40L) is elevated in a variety of disorders [52] . In our disease-free context, we could speculate that CD154 + CD57 + T cells are important for controlling CMV as well as other infections. The bystander effect observed in T cell differentiation after CMV infection suggests that their removal would increase overall susceptibility to infections. In this scenario, previously activated T cells involved in the clearance of emerging cancer cells might develop further polyfunctionality after bystander CMV activation and reactivations. In addition, it has been shown that blocking the CD40/CD154 interaction inhibits important stimulation pathways that are critical for T cell activation, which thus represents an alternative to immunosuppression drugs [52] . ) ; however, the subset of cells that coexpress CD57 and CD154 that we have identified in CMV-seropositive individuals also displayed the highest polyfunctionality. Therefore, our data suggest that CD57 expression, despite its association with replicative senescence, is a hallmark of enhanced cytotoxic/secretory capacity in conjunction with signaling leading to CD154 expression.
Of interest, when we analyze the correlation between polyfunctionality and CD57/CD154 expression, we observe that, in CMVseronegative individuals, polyfunctionality, in fact, is related to CD154 expression and not CD57, whereas, in CMVseropositive individuals, it depends on CD57 expression. Taken together with our previous data [27] , we conclude in the present study that latent CMV infection leads to an expansion of polyfunctional T cells that express CD57 not only in the CD8 + compartment, but also in the CD4 + compartment. It is still debated whether CMV infection, expansion of CD57 + T cells, and other bystander effects induced by persistent infections have a beneficial or detrimental role for immunity and long-term effects on health. Some reports have shown CD8 + CD57 + T cells to have an immunosuppressive activity under certain pathologic conditions [54, 55] but not in healthy individuals. No consensus in the literature exists as studies show beneficial effect of CMV infection in both young and older adults in response to vaccination [22, 24, 56] . It is most likely that CD8 + CD57 + and CD4 + CD57+ T cells in chronic viral infections represent 2 sides of the same coin. The oligoclonal expansion of these subsets correlates with an increased occurrence of infections, cancers, and, as more recently shown, cardiovascular diseases [57] . On the one hand, this represents a disadvantage, probably not directly linked to the specificity of the cells (the putative bystander effect of CMV infection). On the other hand, the CD57 + T cell population could be an important player in antiviral control, as it is linked to the specificity of the cells via its high cytotoxic and polyfunctional activity. We propose that the expansion of certain phenotypes of CD4 + T cells, including but not limited to CD57 + CD154 + , driven by chronic viruses, such as CMV, are important for the control of other infections and are involved in other pathologies driven by inflammation, such as cardiovascular diseases, where CMV has been associated previously [58] . The CD57/CD154 phenotype of T cells and CMV serostatus should be identified in these pathologies to validate this hypothesis.
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